Introduction
Iron ore sinter is a major source of iron for blast furnace ironmaking in Japan, the component of which is adjusted by mixing several kinds of powdery raw materials. The sinter is formed by melting fine particles and adhering coarser particles with each other by the melt. 1) Soma et al. 1) have successfully improved the quality of sinter by optimizing the amount and the chemical composition of the melt. Nowadays, chemical compositions of ores have become diverse owing to the deterioration in the quality of ores. As a result, the component-adjustment of raw materials for sinters should be appropriately carried out based on some guideline instead of by trial and error. The guideline for designing sinter could be given by phase diagram: The sintering process is such a short time process that the chemical reactions in sinter never reach the thermodynamic equilibriums. However, the phase diagram could indicate the directions of forward reactions in the sinter during the The performance of iron ore sinter in a blast furnace such as strength and reducibility is strongly affected by the amount and the chemical composition of liquid phase in sinter during the sintering process. Thus, it is necessary to control the production of liquid phase during the sintering process. Iron ore sintering process consists of rapid heating of pulverized raw materials, partial reduction reaction of iron ores as well as liquid phase production, which are caused by combustion of cokes and suction of flaming gas. The heating time of raw materials is too short that the chemical reactions within the sinter never reach the thermodynamic equilibriums. Nevertheless, controlling the melt production could be attempted based on the thermodynamic data such as the phase diagrams. In this study, liquidus lines coexisting with iron oxides and/or 2CaOSiO 2 in the FeO x -CaO-SiO 2 system have been measured at 1 573 K in the range of oxygen partial pressures between 10 − 6 atm and 10 − 2 atm. In addition, the effect of Al 2 O 3 content on the liquidus has also been investigated as Al 2 O 3 is a major gangue component affecting the quality of sinter. It has been found that the homogenous liquid region extends over a wide range of CaO/SiO 2 (C/S) ratio between 0.6 and 2 or even more for all the measurement oxygen partial pressures. It has also been found that the FeO x content in liquid phase at C/S = 1.0 in equilibrium with solid FeO x is almost constant to be 40-45 mass% irrespective of oxygen partial pressures. However, the FeO x content decreases with an increase in Al 2 O 3 content, indicating that the homogenous liquid region in the FeO x -rich side becomes narrower. As a consequence, it is considered that the amount of slag melt produced in sinter during the sintering process becomes smaller with increasing Al 2 O 3 content.
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sintering process, and what the thermodynamically stable phases are in the sinter. FeO x , SiO 2 and CaO are the main compositions of sinter. Most studies on the FeO x -SiO 2 -CaO phase diagram have been carried out at the extremely reductive conditions at iron saturation and the oxidative condition in air.
2) The phases and the microstructures of sinter have been discussed based on those phase diagrams.
3) However, the oxygen partial pressures in the atmosphere of iron ore sintering would be different from place to place between the above two extremes. Therefore, it is necessary to elucidate the FeO xSiO 2 -CaO phase diagram at intermediate oxygen partial pressures.
As aforementioned, the chemical compositions of ores are changing owing to the deterioration in the quality of ore. Increase in the Al 2 O 3 content of ores is one of serious problems for iron ore sintering because it is practically known that Al 2 O 3 reduces the quality and the yield of sinter: Such negative effects of Al 2 O 3 on the characteristics of sinter and the countermeasures against the increment in the Al 2 O 3 content have been studied by some researchers based on the reported phase diagrams. 4, 5) However, the phase equilibria of the FeO x -SiO 2 -CaO system containing Al 2 O 3 have been investigated in air 6) and in the limited compositional ranges, which are insufficient to deal with ores with high Al 2 O 3 content.
To the best of authors' knowledge, the FeO x -CaO-SiO 2 phase diagrams at the intermediate oxygen partial pressures have only been reported by Hidayat et al., 7) Shigaki et al. 8) and Kimura et al. 9) However, there is no consensus among these reports, especially with respect to the continuity of two compositional areas of the silicate-based liquid and the calcium ferrite-based liquid. Therefore, the aim of this study is to elucidate the effect of oxygen partial pressure on the liquidus lines in equilibrium with FeO x and on the liquidus compositions in equilibrium with 2CaO SiO 2 (hereinafter denoted as C 2 S) at the CaO/SiO 2 (mass%) ratio (hereinafter denoted as C/S) of 1.86 which is equivalent to the CaO/ SiO 2 (mol%) ratio of 2. The effect of Al 2 O 3 concentration on liquidus is also investigated in this study.
Experimental

Sample Preparation
Reagent Table 2 (a).
Equilibrium Experiments
About 0.1 g of mixed powders were contained in a Pt crucible (φ5 mm × 12 mm), then suspended by a Pt wire within the uniform temperature region of a SiC resistance furnace. Experiments were carried out in air or in a flow of Ar-O 2 gas (50 ml/min.). Oxygen partial pressures in the Ar-O 2 gases were confirmed using an oxygen sensor to be 2.5 × 10 − 6 atm, 1.0 × 10 − 4 atm and 1.0 × 10 − 2 atm. The measurement temperatures were controlled within 1 573 ± 2 K. In accordance with the preliminary experiment described in the next section, the heating durations of the samples were set to be more than 72 h. The equilibrated samples were quenched into iced water. The phases of the samples were determined by X-ray diffractometry (XRD). The microstructures and the compositions of all the phases were measured by an electron probe microanalyzer (EPMA) with an accelerating voltage of 15 kV and a probe current of 20 nA. A homogeneous glassy sample having the composition of 24.58 mass%Fe, 25.53 mass%Ca, 12.84 mass%Si, 1.06 mass%Al and 35.98 mass%O was used as a standard sample for quantitative analyses by EPMA. The composition of the standard sample was calculated using the mixture fractions of the Fe 2 O 3 , CaO, SiO 2 and Al 2 O 3 powders and the Fe 2 + /Fe 3 + ratio analyzed by Mössbauer spectroscopy.
Heating Duration of the Samples Required for Equilibrating
To determine the heating duration of the samples required for equilibrating, variation with time in the composition of liquid phase coexisting with solid Fe 2 O 3 during heating was observed on the samples having C/S = 1 (samples 1-5 in Table 1 ) so as to observe the equilibrating process. The samples were heated in air for different heating durations, as shown in Table 1 . In these experiments, two different iron oxides, i.e., Fe 2 O 3 and FeO were used as starting materials. 2) is also included in Fig. 1 . As shown in Fig. 1 , the FeO x contents in the liquid phases become constant with time in 24 h after the onset of heating, when the FeO x contents become identical irrespective of the starting materials of iron oxides. One of the present authors have reported that the equilibration time demanded for the coordination structures around iron ions in FeO x -SiO 2 -CaO slags is about three times as long as that for the valence states of iron ions in the same slag. 10) In addition to this, by referring to the experimental conditions employed by Hydayat et al., 7) the authors have concluded that the heating duration of 72 h is enough for the samples to be equilibrated in this study. Figures 2 through 4 show the liquidus lines in equilibrium with magnetite on the FeO x -CaO-SiO 2 slags with and without Al 2 O 3 at P O2 = 2.5 × 10 − 6 atm, 1.0 × 10 − 4 atm and 1.0 × 10 − 2 atm, respectively. It can be found that liquidus lines extends over the region of C/S between 0.6 and 2, or even more widely.
In fact, not only magnetite but also C 2 S was precipitated for many samples with the C/S ratio larger than 1.5, for instance, samples A58 and A59 in Table 2 (a). It is of great importance to carefully demonstrate whether or not two solid phases equilibrate with a liquid phase because there is disagreement among previous reports with respect to the continuity of two compositional areas of the silicate-based liquid and the calcium ferrite-based liquid as described in Introduction. Therefore, the authors have carried out the equilibrium experiments for samples A72 and A73 in Table  2 (a): The compositions of these two samples are within the compositional triangle of the liquid phase of sample A58, C 2 S and FeO. If two solid phases of C 2 S and magnetite are equilibrated with one liquid phase on sample A58, the same is expected for samples A72 and A73. The heating duration was extended to 96 h because longer heating duration promotes further crystal growth of equilibrated solid phases, enabling more accurate determination of the phase equilibrium. Figure 5 shows the back-scattered electron (BSE) image of sample A72, where fine dendritic C 2 S phases can be observed. On the other hand, as shown in Fig. 6 , a BSE image of sample A90 in Table 5 indicates that bulky phases of C 2 S instead of dendritic ones are precipitated when C 2 S is equilibrated with a liquid phase. Therefore, it has been concluded that dendritic C 2 S phases shown in Fig. 5 are not equilibrated phases but are only precipitated during quenching, and that the compositions of samples A72 and A73 are in a homogeneous liquid region. 
Discussion
Validity of Compositional Analyses by EPMA
Assuming that solid solubilities of CaO and SiO 2 in magnetite are negligible, the mass fraction of liquid phase equilibrated with magnetite in the FeO x -CaO-SiO 2 system can be calculated by mass balance of each component using the analyzed composition of liquid phase as well as the nominal composition of the sample. Figure 7 shows the relation between the mass fractions of liquid phase calculated by mass balance of FeO x (vertical axis) and CaO (horizontal axis). It can be seen that the plotted data are on the straight line passing through the origin and having the slope of unity. This indicates that the elemental analyses of EPMA are valid without excess or deficient detection of fluorescent X-rays.
Effect of Oxygen Partial Pressures on the FeO x
Contents in Liquid Phases Equilibrated with Iron Oxides Figure 8 shows the liquidus lines in equilibrium with magnetite in the FeO x -CaO-SiO 2 system at P O2 = 2.5 × 10 Figure 9 shows the FeO x contents in liquid phases equilibrated with iron oxides as a function of oxygen partial pressure on the samples with C/S = 1.0. The data from the phase diagram in air and at iron saturation reported by Muan and Osborn 2) are also included in Fig. 9 . It is found that the FeO x contents are almost constant to be 40-45 mass% in the range of oxygen partial pressures between air atmosphere and 10 − 6 atm. Figure 9 also demonstrates that the FeO x contents increase with decreasing oxygen partial pressure at pressures lower than 10 − 6 atm. Such dependency of oxygen partial pressure on the FeO x content may be associated with the kind of iron oxide solid phase in equilibration with liquid phase. It has been found from the present study that the equilibrated solid iron oxide is magnetite in the oxygen partial pressures between 10 − 6 and 10 − 2 atm, where the FeO x contents at the liquidus compositions are almost constant. On the other hand, the equilibrium oxygen partial pressure of magnetite and wüstite is 5.5 × 10 − 8 atm. 11) It is considered that the FeO x contents at the liquidus compositions change with oxygen partial pressures in the wüstite stable region.
An increment in the FeO x content of liquid phase in equilibration with solid iron oxide corresponds to the expanding of homogeneous liquid phase in the FeO x -rich region of the FeO x -CaO-SiO 2 slags. Kojima et al. 3) have reported that as for iron ore sintering, the amount of slag melts produced during the sintering process becomes larger with increasing the ratio of magnetite ore to hematite ore, i.e., an increase in the Fe 2 + /Fe 3 + ratio contained in raw materials. Their report is in accord with the authors' consideration that the liquid phase expands with a decrease in oxygen partial pressure, i.e., an increase in Fe 2 + /Fe 3 + ratio in slags. This indicates that oxygen partial pressures during the sintering process are relevant to the qualities of iron ore sinters.
Thermodynamically Stable Region of C 2 S
Because the volume of C 2 S dramatically changes by its crystal transformation when heated, 12) sintered ore containing C 2 S tends to pulverize in a blast furnace. Therefore, to improve the performance of sinter ore in a blast furnace, it is important to control the volume fraction of C 2 S in the sinter; to that end, it is essential to know the thermodynamically stable region of C 2 S in the FeO x -CaO-SiO 2 system. Figure  10 shows the relation between oxygen partial pressures and the FeO x contents in the liquid phases equilibrated with either C 2 S or FeO x on the samples with C/S = 1.86. It can be found that three regions, i.e., (1) two phase equilibrium of C 2 S and a liquid, (2) a homogenous liquid region and (3) two phase equilibrium of a liquid and Fe 3 O 4 , coexist over the oxygen partial pressures between 0.21 atm and 2.5 × 10 − 6 atm although a homogenous liquid region is extremely narrowed as oxygen partial pressure increases up to 0.21 atm. The reason that the homogenous liquid region becomes narrower with increasing oxygen partial pressures may be relevant to the change in the Fe 2 + /Fe 3 + ratio. Fe 3 + ions tend to polymerize silicate network structure, 12) causing the liquid phase to be thermodynamically less stable. According to the phase diagram in air reported by Muan et al., 2) two solid phases of Fe 2 O 3 and C 2 S are equilibrated for all the FeO x contents with C/S = 1.86, which is inconsistent with the authors' finding that homogenous liquid region exists in a narrow range of FeO x content. The paper by Pownceby et al. 13) supports our results in this respect. On the other hand, the comparison of our results with the phase diagram at iron saturation by Muan et al. 2) suggests that homogeneous liquid region is significantly shifted to high FeO x content side with decreasing oxygen partial pressure, as shown in Fig. 10 .
This means that the C 2 S stable region is drastically dependent on the oxygen partial pressure, implying the possibility that the C 2 S amount in sinter can be controlled by the oxygen partial pressure in the combustion atmosphere. 14) have reported that the gas flow resistance in sinter machine is reduced by connecting pores within the sinter cake by coalescence of the melt produced in the ore, and that the increase in the gas flow resistance caused by the increment in Al 2 O 3 content of ore is due to the decrease in the melt production amount in the ore. Their report is consistent with our results.
Effect of Al
On the other hand, it can be seen from Fig. 11 that the Al 2 O 3 content dependency of the FeO x contents in liquid phases equilibrated with magnetite is almost identical irre- Fig. 10 . Relation between oxygen partial pressure and FeOx content in liquid phase equilibrated with either C2S or FeOx. spective of oxygen partial pressures. This may be because the silicate network structure is not affected within the measurement range of oxygen partial pressures and chemical compositions.
Conclusions
In order to elucidate thermodynamically stable phases in sinter, the liquidus lines in equilibrium with FeO x in the range of C/S between 0.3 and 3.8 and the liquidus compositions in equilibrium with C 2 S at C/S = 1.86 in the FeO xCaO-SiO 2 system have been measured at 1 573 K under oxygen partial pressures between 10 − 6 atm and 10 − 2 atm. In addition, the effect of Al 2 O 3 content on the liquidus has also been investigated. The obtained results are summarized as follows.
(1) The homogenous liquid region extends over the C/S region between 0.6 and 2, or even more widely for all the measurement oxygen partial pressures.
(2) The FeO x contents of the liquidus lines in equilibrium with FeO x at C/S = 1.0 are almost constant to be 40-45 mass% in the range of oxygen partial pressures between air atmosphere and 10 − 6 atm, and increase with decreasing oxygen partial pressure at pressures lower than 10 − 6 atm. 2) suggests that homogeneous liquid region is significantly shifted to high FeO x content side with decreasing oxygen partial pressure. This means that the C 2 S stable region is drastically dependent on the oxygen partial pressure, implying the possibility that the C 2 S amount in sinter can be controlled by the oxygen partial pressure in the combustion atmosphere.
(4) The FeO x contents of the liquidus lines in equilibrium with FeO x decrease with an increase in Al 2 O 3 content for all the measurement oxygen partial pressures. This means that the homogenous liquid region in the FeO x -rich side becomes narrower, and the solid iron oxide stable region becomes larger with an increase in Al 2 O 3 content. As a consequence, it could be considered that the melt production amount in ore becomes smaller with Al 2 O 3 content.
